The Roer valley rift system (RVRS) is located in the northern prolongation of the upper Rhine Graben. During the Cenozoic, the evolution of the RVRS was influenced by two different rift systems situated in the North and in the South (the North Sea rift system and the West European rift system, respectively). During the last decades, moderate seismicity revealed the continuous activity of the graben border faults (the Peel Boundary fault zone -PBFZ-and the Feldbiss fault zone-FFZ-). We use a high precision digital elevation model (DEM) to characterize and quantify the present-day deformation along these faults. The fault pattern shows similarity to a strike-slip structure. However, analysis of the DEM reveals that the Recent to Quaternary formations and landforms affected by the fault activity are only vertically offset. This suggests a pure normal faulting mode for the main border faults and a direction of extension perpendicular to the graben (i.e., NE-SW). Quantification of the offset dated markers allows the determination of the displacement rates along the fault segments. In the southeastern part of the RVRS, the vertical displacement rates inferred for the FFZ and the southeastern PBFZ range between 55 and 65 mm/ky and around 65 mm/ky, respectively. In contrast, the displacement rates determined for the northwestern segment of the PBFZ are around 200 mm/ky. We explain these differences between the northwestern and southeastern parts of the RVRS by the large-scale geometry of the graben, the RVRS being symmetric in the south-east and asymmetric (half-graben) in the north-west. The deformation is accommodated by two border faults (FFZ and the south-eastern part of the PBFZ) in the south-east and by only one fault in the north-west (the north-western segment of the PBFZ). In addition, the thickness of the Neogene main depocentre in the northwestern half of the RVRS indicates a larger amount of extension in this part of the graben than in the south-east. The combination of the graben geometry and the amount of extension can explain the differences in the displacement rate. r
Introduction
In the past decades, the occurrence of two major earthquakes in the Roer valley rift system (RVRS) (Roermond in 1992, M b ¼ 5; 8 and Aachen in 2002, M b ¼ 4; 9) demonstrated that this rift system is one of the most active European rift structures. Studies of the recent deformation associated with the fault activity indicate that this seismicity is part of a deformation process which extends at the graben scale (e.g., Van den Berg, 1994; Camelbeeck and Meghraoui, 1998; Houtgast and Van Balen, 2000) . It is generally accepted that the present-day dynamics of the RVRS is induced by the Alpine collision (e.g., Ziegler, 1990) . The resulting deformation has mainly been interpreted as dominated by a NW-SE strike slip motion, where the RVRS corresponds to a pull-apart graben (Kooi et al., 1991; Van den Berg, 1994) . In such a model, the graben border faults are expected to be strike-slip faults, as proposed by Van den Berg (1994) . However, this interpretation is in disagreement with the present-day local stress field (NE-SW pure extension) inferred from earthquake focal mechanisms (Plenefish and Bonjer, 1997) . To clarify this debate, we focus our study on the present-day deformation along the main fault zones of the RVRS. We use a high precision digital elevation models (DEM) in order to characterize the active faults, to quantify the deformation and to determine the origin of the present-day dynamics.
The DEMs are located on the most active faults of the RVRS where the denser and stronger seismic activity was recorded (i.e., the peel boundary fault zone -PBFZand the Feldbiss fault zone -FFZ-) . Two of the DEMs are situated on the northwestern and southeastern segments of the PBFZ; the third area is located on the FFZ.
The goal of this article is (1) to determine precisely the geometry of the active faults, and (2) to quantify the vertical and/or lateral offsets related to the fault activity and the displacement rates along the faults of the RVRS. We integrate our results at a crustal scale in order to understand the strong variations of the displacement rates between the southeastern and northwestern parts of the RVRS.
Geological setting
To the north of the upper Rhine graben, the RVRS corresponds with the northern segment of the West European Rift (Ziegler, 1988; Michon et al., 2003) (Fig. 1) . The Cenozoic RVRS developed upon the pre-existing basins of Carboniferous (Campine foreland basin) and Mesozoic (rift) age. It is structurally related closely to the Mesozoic basin. During the Mesozoic, the area was characterized by several periods of subsidence and inversion, which have reactivated the Variscan faults (Ziegler, 1990; Zijerveld et al., 1992; Winstanley, 1993; Geluk et al., 1994) . During the Cenozoic, the RVRS was affected by two periods of inversion named the Laramide phase (early Paleocene) and the Pyrenean phase (late Eocene-early Oligocene) and by continuous subsidence since the beginning of the Oligocene (Geluk et al., 1994; Michon et al., 2003) . The subsidence analysis combined with the study of 2D seismic lines allows the distinction of two successive periods of subsidence. During the Oligocene, an ESE-WNW extension has induced a local subsidence in the southeastern part of the RVG, leading to the development of narrow depocentres (Michon et al., 2003) . In contrast, during the Miocene-Quaternary evolution, the subsidence has mainly affected the northwestern part of the graben with the formation of a large depocentre. The shape of the depocentre and the geometry of the Miocene faults were recently interpreted as the result of a NE-SW extension (Michon et al., 2003) .
The RVRS is part of the lower Rhine embayment. From south-west to north-east, it consists of the Campine Block, the Roer valley graben (RVG) and the Peel Block (Fig. 1) . The graben, which is 20 km wide and 130 km long, was controlled by the multi-stage activity of several major fault zones (PBFZ, Veldhoven fault zone, Rijen fault zone and FFZ) of Mesozoic or probably of older age. The PBFZ is a NW-SE oriented 100 km long narrow deformation zone composed of the peel boundary fault and several secondary faults. In the southeastern part of the RVRS, the FFZ corresponds to the southwestern limit of the graben. This fault zone is 80 km long and is mainly composed of the Feldbiss fault, the Geleen fault and the Heerlerheide fault. Synthetic cross sections deduced from 2D seismic lines reveal that the geometry of the graben changes between the northern and southern parts (Fig. 2) . In the north, the RVG is an asymmetric graben (half-graben) bounded by a major fault in the northeast (i.e., the PBFZ). The thickness of the tertiary sediments progressively decreases towards the southwest and is slightly affected by small secondary faults (i.e. the Rijen fault). In contrast, in its southern part, the RVG is a symmetric graben (full-graben) limited by two important faults located on each side. In this part, the offsets at the PBFZ ($1000 m) and the FFZ ($600 m) are of the same order of magnitude.
Several studies based on geomorphological and DEM analysis allowed the determination of the Quaternary faults in the RVRS (e.g., Van den Berg et al., 1994; Houtgast and Van Balen, 2000) . Analysis of gradient maps (i.e., slope maps) inferred from DEMs with a 100 m step highlighted the occurrence of three main fault orientations (NW-SE, NE-SW and N-S). On the peel block and on the southern border of the RVG, the NW-SE lineaments prevail whereas the central part of the RVG is characterized by the predominance of the NE-SW orientation . Such a fault pattern has been interpreted as the result of a present-day strike-slip motion of the RVRS where the PBZF and the FFZ play the role of the main strike slip faults (Van den Berg, 1994) . Nevertheless, Houtgast et al. (2002) have recently shown that the FFZ was characterized by a normal faulting mode during the quaternary. To solve these antagonist interpretations, we analyze a high precision DEM in order to quantify the vertical and lateral displacement along the PBFZ and the FFZ.
Methodology

DEM analysis
Our study aims to analyze the present-day deformation of the surface along the RVG border faults (i.e., the PBFZ and the FFZ). Three different areas were selected taking into account the importance of the fault trace in the field, the location of several trenches dug during previous studies (Van den Berg et al., 2002; Houtgast et al., 2003) and the seismicity recorded since the beginning of the XXth century (Fig. 3) . In Limburg (southern part of the Netherlands), the tectonic activity of the FFZ was intensively studied by shallow well analysis, trenching and mapping of the Meuse terraces (Van den Berg, 1989; Van Balen et al., 2000; Houtgast et al., 2002 The data on which the DEMs are based were obtained by laser altimetry (Rijkswaterstaat, 2000) . The original data density is at least one data point per 16 m 2 , with the exception of heavily forested areas where the density is half. The original data have been partly corrected for outliers, vegetation and buildings, except for urbanized areas. As the filtering has been made by different private companies, the quality of the data may vary. The DEM is constructed from the filtered data by interpolation to a 5 m Â 5 m grid by inverse-squared distance weighting, with a footprint of 8 m. By comparison of the laser altimetry-derived data to reference points the precision in the horizontal plane is calculated to be less than 30 cm. For the 5 m Â 5 m DEM the standard error in the estimated heights is 16 cm (68% of the data has an error less than 16 cm).
In the different areas, the surface deformation was measured from the DEM. For each fault, we determined several parallel topographic profiles distributed perpendicular to the fault trace. The location of each profile was selected by taking into account the influence of human activity, vegetation and erosion and sedimentation, and the offset values were corrected for these parameters. Because a fault scarp is continuously smoothed by erosion, the length of our profiles taken is large enough (between 600 and 4000 m; average length around 1200 m) to prevent this problem. The offset value is determined from the difference between the average elevations of the footwall and the hangingwall (Fig 4) . The comparison of offset values determined from the DEM with those obtained from shallow well analysis (Houtgast et al., 2002) and trenching (Van den Berg et al., 2002; Houtgast et al., this issue ) reveals nearly similar results, which allows a validation of our method.
We use two types of stable geological markers to determine the fault motion along the FFZ and the PBFZ: eolian dunes and Paleo-Meuse terrace boundaries. The eolian dunes and the fluvial terraces are mainly composed of sand, which is a material that well records passively vertical and horizontal deformations as shown in analogue experiments (e.g., Davy and Cobbold, 1991) . Deformation was studied with young (eolian dunes -11.5 ky-) and old (paleo-Meuse terraces-several 100 ky) formations in order to cover a larger time scale. 
Age of the formations
The geomorphological and sedimentological evolution during the most recent geological history (Saalian to Holocene) of the southeastern part of the Netherlands is important to date the fault movements, and, to some extent, to interpret the fault scarps. Terraces formed by the Meuse river characterize the landscapes near Sittard and Roermond. These terraces are well dated, especially the younger ones, which are used in our work. The terrace sequence is a consequence of the long-term uplift of the area (Van den Berg, 1989; Van Balen et al., 2000) , but they are also faulted. The displacement of the terraces can be used to determine fault displacement rates and fault pattern (Houtgast et al., 2002) . Periglacial eolian processes have deposited a blanket of fine sand and loess everywhere in the study area during the Weichselian Pleniglacial, except on the Lateglacial to Holocene terraces near the Meuse. This blanket has probably leveled the fault-related morphology of pre-Weichselian age. During the late Pleniglacial and the Lateglacial, dunes were formed in the Uden and Roermond areas. In the Sittard area, the eolian deposits are too fine grained (loess) for dune formation. Near Roermond these dunes are faulted. More detailed information on the geomorphology and sedimentology will be given in the discussion of different areas. 
Results
Geometry of the active faults
The DEM analysis reveals surface escarpments along the graben border faults, which are not single faults but correspond to active fault zones composed of parallel faults.
In the Sittard area (Fig. 5) , the Geleen and Feldbiss faults were already recognized as forming an overstepping fault system (Houtgast et al., 2002) . The shaded relief image indicates that the Geleen fault corresponds to several adjacent and kilometric-long segments of faults whereas the Feldbiss fault is a unique and linear fault (Fig. 5) . As indicated by well analysis (Houtgast et al., 2002) , the Geleen fault progressively disappears toward the South-East where its displacement is taken over by the Feldbiss fault. The DEM also allows the determination of the surface deformation generated by the Heerlerheide fault zone in the Late Saalian deposits (i.e., 130 ka). This fault zone is bounded in the South and the North by two main normal faults of which the southern limit corresponds to the main fault visible in seismic cross-sections. Between these two faults, the differential deformation is accommodated by a 150-200 m wide micro-graben. It is worth noting that the complex geometry of the Heerlerheide fault zone is directly controlled by a Carboniferous fault system, which consists in this area of two parallel faults coincident with the limit of the present-day deformed area. In the northwestern part of the study area, the recent activity of the FFZ cannot be recognized in the young Meuse terraces (3 and 11 ka). According to the displacement rates determined by Houtgast et al. (2002) for the Feldbiss and Geleen faults (24 and 28 mm/ ky, respectively), the surface displacements associated with the Feldbiss and Geleen faults are about 0.3 m in the Geistingen terrace (11 ka). The anthropogenic activity, the orientation of the Paleo-Meuse meanders and the standard error of the DEM probably not allow the detection of such small surface deformations linked to fault activity. The fault orientation inferred from the DEM indicates a very constant trend around N130-140 for the FFZ (Fig. 6a) .
In the Roermond area, the surface deformation generated by the PBFZ activity is visible along a 20 km-long segment (Fig. 7) . Contrary to the FFZ in the Sittard area, the PBFZ corresponds here to a unique fault with a clear trace on the DEM except between Neer and Roermond where the Meuse River crosscuts the PBFZ. This trace has different orientations depending on the area. In the southern part, the PBFZ presents (Fig. 6b) . In the northwestern part of the RVRS, the PBFZ geometry is more complex with the development of two $14 km-long parallel faults: the peel boundary fault in the West and the 2nd peel boundary fault in the east (Fig. 8) . From the south-east, these faults present long and linear traces that are from south to north westward shifted by two N110-120 fault segments of about 2 km. In the north, the scarp of the 2nd peel boundary progressively dies out whereas the deformation due to the peel boundary fault is still visible in the northwestern corner of the study area (Fig. 8) . In the southern part of the studied area, the peel boundary fault scarp decreases south of Uden. Nevertheless, combination of the elevation map and the shaded relief image indicates that the fault continues with smaller offsets. Analysis of the fault orientation reveals the occurrence of three directions of faults: N110-120, N135-140 and N155-160 (Fig. 6c ). The first trend (i.e., N110-120) corresponds to the direction of the oblique faults, which control the lateral shift of the peel boundary fault and the 2nd peel boundary fault north of Uden. The two other directions represent the local changes of the PBFZ orientations.
Characterization of fault motion
Using passive geological markers such as stable eolian dunes and Paleo-Meuse terrace boundaries, we determined precisely the fault motion along the FFZ and the PBFZ. In the Sittard area, the lack of lateral offset and the important vertical deformation (i.e., up to 7.2 m) of the Paleo-Meuse terrace limits where they crosscut the FFZ suggests that the faults representing this trend are pure normal faults since at least 330 ky (i.e., age of the older Meuse terrace boundary in the studied area) (Fig. 9a) . East of Roermond, the vertical displacement of recent geological formations, like eolian dunes and meander scroll bars, without any lateral component indicates that the southeastern part of the PBFZ is characterized by pure normal faulting since 12.9 ky (i.e., age of the scroll bars) (Fig. 9b) . West of Roermond, a similar fault motion is determined as the limit of the Late Pleniglacial terrace present a vertical offset of about 1 m with no lateral displacement (Fig. 9c) . Like in the Roermond area, passive markers of the deformation (i.e., eolian dunes) in the Uden area indicate that the PBFZ is characterized by a normal faulting mode in its northwestern part (Fig. 9d) .
Quantification and age of the deformation
The use of a high precision DEM allows determination of the escarpments associated with the fault Fig. 9 . Deformation of the eolian dunes and paleo-Meuse terraces induced by tectonic activity (see the black arrows for fault location). (a) In the Sittard area, the terrace boundaries (black lines) present a vertical displacement without any lateral offset. Increasing elevations are represented by black, gray, green, blue, yellow and red colors. (b) East of Roermond, the PBFZ activity deforms an eolian dune in the vertical plane only, proving the pure normal mode of deformation of the PBFZ. (c) West of Roermond, the vertical deformation of the Late Pleniglacial terrace limit and the eolian dunes confirms this fault motion for the southeastern part of the PBFZ (same color scale than A). (d) In the Uden area, the PBFZ, which is composed by two parallel faults offsets the eolian dunes only vertically proving that the PBFZ is a pure normal fault (same color scale than A).
activity. Knowing the age of the Paleo-Meuse terraces upper part (i.e., when the river abandoned the terrace) and the age of eolian dune formation, which are affected by the tectonic activity, we have deduced displacement rates along the FFZ and the PBFZ.
Sittard area
In this part of the RVRS, the FFZ is crossed by the Meuse river. Uplift of the area South of the FFZ caused the Meuse river to incise during the Pliocene and the Quaternary, and as a consequence, a flight of terraces was formed (e.g. Van den Berg, 1989; Van Balen et al., 2000; Houtgast et al., 2002) . The terrace deposits are often covered by eolian deposits, mainly sandy loess (Mu¨cher, 1986) . The terrace deposits are underlain by tertiary Breda or Kiezelo¨oliet formations, which consist of fine to coarse sands (Felder et al., 1989) . Due to northwestward tilting, terrace remnants are preserved mainly on the east bank of the Meuse river valley. The Meuse terraces in South Limburg have been the subject of many studies and have been extensively described (for an overview see Houtgast et al., 2002) . Five terrace levels can be discriminated in the study area.
The oldest terrace in the study area is the Caberg-1 terrace (Fig. 10a) . By interpolation and by correlation to the d 18 O curve of ODP 667 the age of this terrace is estimated at 420 ka (Van den Berg, 1989; Houtgast et al., 2002) . Similarly, the next younger terrace, Caberg-2, is estimated at 330 ka. The Caberg-3 terrace is dated by thermoluminescence and paleontological remains at 250720 ka (Huxtable and Aitken, 1985; Van Kolfschoten et al., 1993) . By correlation to the d 18 O curve of ODP 667, the Eisden-Lanklaar terrace is estimated to be 130 ka (Van den Berg, 1989; Houtgast et al., 2002 ). An important stratigraphic characteristic of the next younger terrace, the Geistingen terrace, is the complete absence of eolian coversands. Consequently, this terrace was formed during or after the last period of coversand deposition, i.e. during or after the Younger Dryas period (Paulissen, 1973) , estimated at 11.5 cal (calibrated) ka BP (10 ka 14 C). In the Sittard area, 14 topographic profiles perpendicular to the Geleen and Feldbiss faults are used to determine the offsets related to fault displacements (Fig. 10a) . On the Geleen fault, the escarpment reaches a maximum value of 7.4 m in the central part of the fault (i.e., on the Caberg-3 terrace). From this location, the surface deformation decreases progressively toward the south-east and abruptly toward the north-west down to 4.1 m (Fig. 10a) . In more detail, the surface deformation created by the fault activity for each terrace is maximum in its northwestern part and decreases progressively toward the south-east. The deformation along the Feldbiss fault has been determined from 7 topographic profiles distributed on terraces dating between 130 and 420 ky. These profiles show (1) a general step-like increase of the offsets from the youngest to oldest terraces and (2) a slight increase of the surface deformation toward the south-east for each terrace (Fig. 10b) . Topographic profiles CSF7 and CSF8 show again an increase of the displacement linked to the Feldbiss fault. However, in this part of the Sittard area, the surface of the Caberg-1 terrace is covered by a thick loess deposit, forming a ridge (see Fig. 8 in Houtgast et al., 2002) . The surface topography then corresponds to the accumulation of the deformation associated to the Feldbiss fault activity and the preexisting topography of the Caberg-1 terrace.
Considering the offsets determined from the DEM analysis and the age of the Paleo-Meuse terraces, we calculated displacement rates along the Geleen and the Feldbiss faults (Fig. 10b) . As previously demonstrated by analyses of borehole data by Houtgast et al. (2002) , the displacement rate along the Geleen fault decreases toward the south-east. In the northwestern end of the visible Geleen fault, the displacement rate is around 33 mm/ky and it decreases progressively down to 14.5 mm/ky in its south-eastern extremity. It is important to note that the values obtained from the offset at the base of the terrace (Houtgast et al., 2002) and from the surface deformation are nearly similar. Consequently, the deformation observed at the surface mainly results from tectonic activity and was hardly affected by differential erosion and sedimentation between the footwall and the hangingwall. Contrary to the Geleen fault, the Feldbiss fault presents an increase of the displacement rate toward the south-east. On the Eisden-Lanklaar terrace, the displacement rate inferred from the offset of 3.8 m is 29.2 mm/ky. The rate progressively increases up to 39 mm/ky determined for a displacement of 12.9 m affecting the Caberg-2 terrace. The offset values deduced for topographic profiles CSF7 and CSF8 being partly wrong (see discussion in the previous paragraph), we do not incorporate the displacement rates for these profiles in our study. Although the general tendency observed for the variation of the displacement rate along the Feldbiss fault is similar for the present study and that of Houtgast et al. (2002) , the exact values of the displacement rates are different: Eisden-Lanklaar 19 mm/ky, Caberg-3 26 mm/ky and Caberg-2 31 mm/ ky. However, results of a recent study of a trench across the Feldbiss fault showed that the offset value at the Caberg-3 terrace obtained by Houtgast et al. (2002) from an analyses of borehole data were underestimated by about 50% (10 m instead of 6 m; Houtgast et al., this issue).
Roermond area
In this study area the Meuse river crosses the PBFZ. During the late Saalian to Holocene time interval the Meuse river formed an incised valley in this study area (Zonneveld, 1974; Van den Berg, 1989 ) with terraces which can be correlated southward to the Sittard area (see above) and northward, across the peel block, to the border of the Rhine-Meuse delta (Zonneveld, 1974; Huisink, 2000) . The terraces are covered by eolian sandsheet deposits. The most characteristic terrace in the study area has a ridge and swale morphology, which was formed by a meandering river (Paleo Meuse). Similar river terrace fragments have been documented further downstream (e.g. Huisink, 2000) , and dated at an Allerød age (12.9 cal ka BP, 11.0 14 C ka). The next lower terrace is characterized by a relatively straight, braided river channel pattern. This terrace is also documented further downstream and dated at a Younger Dryas age (11.5 cal ka BP, 10.0 14 C ka). The terrace gradients resulting from the downstream correlation are in line with the present-day river gradient, confirming the correlations. On the south-eastern side of the Meuse valley, the Allerød terrace is cut in to an older terrace of either Pleniglacial (Zuidam, 1980) or late Saalian (Zonneveld, 1974) age (Fig. 11a) . A late Saalian interpretation is supported by the vertical position of a river terrace on the other side of the Meuse valley, to the west of Roermond (Fig. 11b) , which is of Pleniglacial age according to Van den Berg et al. (2002) . This terrace is in a morphological lower position than the terrace level under consideration, but higher than the Allerød level. A Pleniglacial age, on the other hand, is consistent with the local geology. Eolian dunes of Younger Dryas age are located on top of the terrace (Fig. 11a) . The dunes are displaced by the PBFZ. Drilling into the dunes revealed that floodplain loam deposits are preserved in between the base of the dune and the eolian top of the underlying terrace, with an equal thickness on both sides of the fault. Given their distance of less than 200 m to the Allerød channel and their stratigraphic position, the most likely age for these loams is Allerød. This interpretation favors a Pleniglacial age of the terrace deposits underlying the loam. In any case, the late Pleniglacial sand sheet deposits on top of the terrace will have partly or completely leveled the fault scarp morphology, which is confirmed by the similar thickness of the loam (post-dating the eolian sand sheets) on both sides of the fault.
Analysis of the fault segment located on both sides of the Meuse river allows determination of the offsets induced by a fault activity (Fig. 11) . East of Roermond (i.e., on the eastern side of the Meuse river valley), the offsets determined from the topographic profiles CSPS4, CSPS5 and CSPS6 at the top of the Allerød terrace vary between 0.7 and 1 m (average value of 0.85 m) (Fig. 11a) . Considering the age of the terrace, this suggests an average displacement rate of 66 mm/ky. East of the Allerød terrace, the offsets range between 1 m (CSPS3) and 1.6 m (CSPS1) at the top of the Late Saalian or Pleniglacial terrace. The high values deduced South-East of the eolian dune can result either from a larger tectonic activity in the southeastern part of the study area or from a remnant offset which was not completely leveled during the emplacement of the sandsheet. Assuming that the sandsheet, covering the terrace dates from the late Pleniglacial, we obtain displacement rates ranging from 69 to 111 mm/ky. Finally, the Younger Dryas eolian dune affected by the fault activity has an offset of 0.9 m at its base and 0.8 m at the top (offset estimated from the envelope curve), which indicates a displacement rate of 70 mm/ky. On the western side of the Meuse river valley, the offsets inferred from the topographic profiles at the top ofthe Pleniglacial terrace vary between 0.9 and 1.2 m (Fig. 11b) . A similar value (0.9-1 m) was observed in a trench dug at the same location as the topographic profile CSPS7 ( Van den Berg et al., 2002) . According to our values, the average displacement rate is around 65 mm/ky for this segment of the PBFZ; the high displacement rates obtained from the topographic profiles CSPS1 and CSPS2 do not represent a larger tectonic activity but probably results from a remnant offset before the deposition of the sandsheet.
Uden area
Tectonically, the Uden area is situated at the northeastern rim of the RVRS. The Roer valley graben is situated to the southwest of the fault scarps, the peel block is to the northeast. As a result, the subsurface geological build-up is quite different in terms of the completeness and thickness of the Cenozoic deposits ( Van den Toorn, 1967; Bisschops, 1973; Van Balen et al., 2000) . During the early Pleistocene the RVG was a depocentre for the Meuse as well as the Rhine river. However, during the early Middle Pleistocene the Rhine took abruptly a more northward directed course, whereas the Meuse changed its course gradually northwards, leaving deposits on the peel block. After the Meuse left the area, local fluvial and eolian deposits were formed. Thus, the shallow geology of this area consists of middle Pleistocene Meuse deposits (Veghel formation; younging in a northeastward direction) overlain by eolian and local fluvial deposits of late Pleistocene age (Elsterian up to Weichselian in age), which in turn is locally overlain by Holocene peat. The largest landform in the Uden area is a wide flat area of late Pleniglacial sand sheet deposits, which formed in response to permafrost degradation (Rijks Geologische Dienst, 1983) . The age of these sheet deposits is 16-14.4 cal ka BP (14-12.5 14 C Ka; Kasse, 1999) . On this planation surface eolian ridges (ER) and eolian dunes (ED) of late Bølling to Younger Dryas/early Holocene age (14.4-10.5 cal ka BP; 12.5-9.0 14 C ka; Kasse, 1997; 1999) were formed by remobilization of the sand (Fig. 12) . The dunes and ridges were reactivated during the middle ages as a result of farming activities. Some of them are still active at present, as evidenced by a lack of soil on top of them. The uplifted peel block is dissected by gullies (Fig. 12) . The formation of the gullies is related to permafrost conditions, inducing enhanced surface runoff and, as a result, overdeepened fluvial valleys. They are, in origin, slightly older than the late Pleniglacial sand sheet deposits. Remnants of a small river valley are present West of the city of Uden. The valley has enhanced the size of the escarpment by fluvial incision into the late Pleniglacial eolian planation surface along the fault trace. The former river course was blocked by the formation of the dunes (ED) and ridges (ER); the river now takes a more westward course. Therefore the age of the valley is also late Pleniglacial. In the northeastern corner of the study area a small patch of the late Pleniglacial terrace (LPG) of the Meuse river is indicated (Fig. 12) .
The PBFZ is represented by two parallel faults, which have induced the formation of parallel fault scarps (Figs. 8 and 12 ). Although the offset located at the fault escarpment can be easily determined, the amount of displacement due to tectonic activity is hard to assess. The human activity and the fluvial erosion along the scarp have potentially disturbed the original fault scarp.
For the peel boundary fault, the topographic offsets range between 1.9 and 7 m, with the lowest values in the northern part of the fault and the highest values West of Uden (Fig. 12) . Given the occurrence of fluvial erosion and the development of gullies in the southern segment of the peel boundary fault, we consider that the offset values are not constrained enough to determine displacement rates. In contrast, the northern segment (i.e., North to the last gully) was preserved from important erosion, and the offsets (between 1.9 and 3.3 m) are most likely related to fault activity. In this part, the displacement rates range between 132 and 229 mm/ky with an average value around 184 mm/ky.
The offsets determined along the 2nd peel boundary fault vary between 1.7 and 4.4 m (Fig. 12) . Two of the nine topographic profiles give peculiar offset values. In the northern part, the location of the northern topographic profile in a gully can explain the relatively small offset (1.7 m; leveled by erosion). In the central part, the second offset value (2.6 m) may result from the presence of an eolian dune on the hanging-wall (Fig. 12) , leading to an underestimation of the real offset. Besides these two values, the topographic profiles show a homogeneous deformation along the fault with an average offset of about 4 m. If we assume that this deformation is post late Pleniglacial, the average displacement rate is higher along this fault than along the peel boundary fault. However, it is very likely that the 4 m offset partly corresponds to a remnant offset (i.e. older than late Pleniglacial). The emplacement of the late Pleniglacial sandsheet from the West has induced a differential coverage in the RVG and the peel block, controlled by the morphology. Consequently, we propose that the peel boundary fault scarp was leveled during the late Pleniglacial, whereas the scarp of the 2nd peel boundary fault was only smoothened. The displacement rates inferred from the offset values then correspond to an overestimation, which cannot be quantified.
Discussion
From the geometry of the active faults, Van den Berg et al. (1994 and Camelbeeck and Meghraoui (1998) have proposed a strike slip motion along the border faults of the RVRS. Van den Berg et al. (2002) consider the PBFZ as a left lateral strike slip fault zone and the FFZ as characterized by a right lateral motion. In contrast, Camelbeeck and Meghraoui (1998) interpret the en echelon pattern of the FFZ as the result of left lateral extension. These interpretations are in disagreement and they do not fit with the NE-SW direction of extension deduced from the analysis of earthquake focal mechanisms (Plenefish and Bonjer, 1997) .
Although the DEM analysis reveals a fault geometry compatible with a strike slip motion of the major faults, the vertical displacement of passive markers like eolian dunes and the limit of fluvial terraces indicates a pure normal faulting mode for the late Quaternary period, related to a NE-SW extension. This apparent paradox can be solved taking into account the role of the structural inheritance in the location and the geometry of the active faults. It has been recently shown that the orientation of the active faults during the Mesozoic and the Cenozoic periods was identical whatever the paleostress field (i.e., Triassic extension, Late Cretaceous N-S compression, Miocene NE-SW extension) (Michon et al., 2003) . The age of the structural inheritance is at least Carboniferous and most likely Caledonian (Thorne and Watts, 1989; Houtgast et al., 2002) . As these geological events were characterized by the development of large NW-SE strike slip faults (i.e., the Peel Boundary fault and the Feldbiss fault), the fault pattern, which is reactivated in normal faulting mode during the Quaternary is similar to a strike slip fault pattern.
In the different areas, the orientation of the active fault slightly differs (Fig. 6 ). In the Sittard area, the faults are grouped in a single N130-135 oriented trend, whereas in the Uden area, three distinct directions are distinguished (i.e., N110-120, N135-140 and N155-165) . Integration of the geometry of the Miocene faults makes it possible to explain this difference. For the Miocene period, the border faults of the southeastern part of the RVRS are characterized by a constant NW-SE direction (Fig. 13) . In contrast, the PBFZ in the North-West is composed of the peel boundary fault itself and by N110-120 oriented oblique faults, which have partly controlled the graben subsidence during the Miocene (Michon et al., 2003) . The coeval activity of the different fault trends during the Miocene and the Quaternary suggests (1) that the Miocene structural inheritance has controlled the development of the Quaternary faults and (2) there was a similar stress field for the Miocene and Quaternary periods. The superposition of the Miocene and Pleistocene depocentres strongly supports this interpretation. Finally, one can note in our study the lack of the NE-SW trend determined by Van den Berg et al. (1994) and Houtgast and Van Balen (2000) from a 100 m step DEM. The lack of such an orientation is confirmed by inspection of seismic lines, which show that the Mesozoic and Cenozoic sedimentation is never affected by NE-SW faults. Apparently, the NE-SW lineaments represent other geomorphic features, like eolian ridges.
The use of high precision DEM has allowed determination of displacement rates along the PBFZ and the FFZ. In the Sittard area, the global displacement rate for the FFZ (i.e., the Geelen fault and the Feldbiss fault) shows small-scale lateral variations ranging from 50 mm/ky in the SE (the Caberg-2 terrace) up to 62.2 mm/ky in the NW (the Eisden-Lanklaar terrace). Such a variation, which was already recognized by Houtgast et al. (2002) , suggests a slightly nonlinear deformation along the FFZ since 330 ka. In the northern prolongation of the FFZ, Camelbeeck and Meghraoui (1998) have determined a displacement rate of the same order of magnitude (80740 mm/ky), which indicates a large-scale constant deformation of the FFZ. In the Roermond area, our study has shown a similar constant deformation along the PBFZ with an average displacement rate of about 65 mm/ky. This displacement rate drastically increases in the northern segment of the PBFZ (Uden area) where it reaches an average value of 184 mm/ky. We have already shown in a previous section that fluvial erosion in the Uden area could have disturbed the scarp geometry and in consequence the determination of the displacement rate. However, two independent studies based on the reconstructed Holocene paleogroundwater levels along the Rhine and Meuse rivers (north of the Uden area; Stouthamer and Berendsen, 2000) and the distribution of a fluvial unit containing pumices from the Laacher See eruption (11063 BP; Verbraeck, 1990) have revealed similar displacement rates of the PBFZ (between 130 and 300 mm/ky, and 181 mm/ky, respectively). In addition, a recent study by Cohen et al. (2003) of the deformation of the top of the late Pleniglacial terrace by one of the faults of the PBFZ, probably the 2nd peel boundary fault, gave a time-averaged displacement rate of 60 mm/ ky. Consequently, the high displacement rate values obtained from the DEM analysis are real and they represent a strong increase of the deformation along the northern segment of the PBFZ.
We propose to explain these displacement rate differences by taking into account the large-scale geometry of the RVRS. First the RVRS has a different geometry in the northwestern and southeastern parts (Fig. 2) . In the south-east, the graben is nearly symmetric and the deformation is accommodated by two main border faults (the PBFZ and the FFZ). The structural profile determined from seismic sections shows that the PBFZ was more active (i.e., larger offset of the base of the Miocene formation) than the FFZ since the beginning of the Miocene. For the Quaternary period, we also demonstrate that the PBFZ is around 20-30% more active than the FFZ. In the north-west, this geometry changes. The RVRS is from a structural point of view an asymmetric graben bounded by only one major fault, the PBFZ, which accommodates the main deformation. With a similar amount of extension, the displacement rate along the northern segment of the PBFZ (around 184 mm/ky) should roughly correspond to the sum of the displacement rates along the PBFZ and the FFZ in the southeastern part (around 120 mm/ky). The difference suggests that another mechanism occurred.
The distribution of the Neogene sediments shows the development of a main Neogene depocentre in the northwestern part of the RVRS with the accumulation of 1200 m of sediments (Fig. 14) . During the same period, the subsidence was 33% less active in the southeastern part with the deposition of around 800 m of sediments. During the Quaternary, the evolution continued with the superposition of the Miocene and Quaternary depocentres . Assuming that the development of the depocentre is linked to a larger amount of extension in the northwestern part than in the southeastern half, the deformation accommodated by border faults should be more important in the north-west than in the south-east. The difference between the displacement rates determined for the northwestern and southeastern parts is around 35% (184 mm/ky in the north-west and 120 mm/ ky in the south-east). The nearly similar values for the difference of the subsidence and for the displacement rate difference suggest that the subsidence in the RVRS is mainly fault-controlled. The same conclusion was made by Houtgast and Van Balen (2000) based on analyses of the bore-hole record in the RVRS. Thus, the different displacement rates determined for each studied area can be explained by the contribution of the large scale-geometry and a differential extension between the northwestern and southeastern parts of the RVRS. 
Conclusion
The active faulting of the RVRS was studied with a high precision DEM. We show that the use of such a DEM is essential to determine and quantify the neotectonics of the province. The geometry of the active faults, which is compatible with strike-slip motion, results from the interaction between the present-day stress field and the Paleozoic and Mesozoic structural inheritance. The vertical displacement, which affects the Quaternary geological formation along the FFZ and the PBFZ reveals that the border faults of the RVRS are characterized by a pure normal faulting mode without significant lateral motion. In consequence, we claim that the present-day stress field is responsible for a NE-SW extension (perpendicular to the graben). This direction of extension is similar to the one obtained from the analysis of the earthquake focal mechanisms (Plenefisch and Bonjer, 1997) . In the graben, the superimposition of the Miocene and Quaternary depocentres suggests that this stress field was constant since the beginning of the Miocene. At a regional scale, the RVRS Miocene to present-day stress field could be explained by the leftlateral motion of the upper Rhine graben induced by a general NW main compression direction associated with the collision between the African and Eurasian plates ( Fig. 16 in Michon et al., 2003) .
The displacement rate values determined along the FFZ and the PBFZ show that the northwestern part of the RVRS is significantly more active than the southeastern part. The difference may result from the combination of a differential amount of extension between the northwestern and southeastern parts and a different large-scale geometry of the graben in the North-West (half-graben) and the South-East (full-graben).
